Abstract Adenosine is an endogenous nucleoside that modulates many physiological processes through four receptor subtypes (A 1 , A 2a , A 2b , A 3 ). Previous work from our laboratory has uncovered a critical role for adenosine A 1 receptor (A 1 R) in osteoclastogenesis both in vivo and in vitro. Our current work focuses on understanding the details of how A 1 R modulates the receptor activator of NF-κB ligand (RANKL)-induced signaling in osteoclastogenesis. Osteoclasts were generated from mouse bone marrow precursors in the presence of RANKL and macrophage-colony stimulating factor. A pharmacological antagonist of A 1 R (DPCPX) inhibited RANKL-induced osteoclast differentiation, including osteoclast-specific genes (Acp5, MMP9, β 3 Integrin, α v Integrin, and CTSK) and osteoclast-specific transcription factors such as c-fos and nuclear factor of activated T cells cytoplasmic 1 (NFATc1) expression in a dose-dependent manner. DPCPX also inhibited RANKL-induced activation of NF-κB and JNK/ c-Jun but had little effect on other mitogen-activated protein kinases (p38 and Erk). Finally, immunoprecipitation analysis showed that blockade of A 1 R resulted in disruption of the association of tumor necrosis factor receptor-associated factor 6 (TRAF6) and transforming growth factor-β-activated kinase 1 (TAK1), a signaling event that is important for activation of NF-κB and JNK, suggesting the participation of adenosine/ A 1 R in early signaling of RANKL. Collectively, these data demonstrated an important role of adenosine, through A 1 R in RANKL-induced osteoclastogenesis.
Introduction
Osteoclasts, which are derived from monocytic/macrophagic hematopoietic cells in response to macrophage colonystimulating factor (M-CSF) and receptor activator of NF-κB ligand (RANKL), a member of the tumor necrosis factor (TNF) cytokine superfamily, play a critical role in bone remodeling. Increased osteoclast activity is seen in many osteopenic disorders, including postmenopausal osteoporosis [1, 2] , Paget's disease [3, 4] , bone metastases [5, 6] , periodontitis [7, 8] , and rheumatoid arthritis [9, 10] . Mature osteoclasts are giant, multinucleated cells that synthesize and directionally secrete bone matrix-degrading enzymes, including cathepsin K, matrix metalloproteinase-9 (MMP9), and tartrate-resistant acid phosphatase (TRAP). The bone-resorbing activity of osteoclasts requires their adherence to the bone surface and subsequent development of ruffled borders and sealing zones. A substantial body of evidence suggests that adhesion molecules, including the integrin α v β 3 , play an important role in regulating migration, adhesion, polarization, and activation of osteoclasts [11] [12] [13] [14] .
Activation of the NF-κB complex is a key early event in RANKL-induced osteoclast formation. Mammalian cells have five NF-κB family members (RelA/p65, RelB, c-Rel, NF-κB1/ p105, and NF-κB2/p100) which contain an N-terminal Rel homology domain (RHD) with sequences for dimerization, DNA binding, and nuclear localization. Mice that lack both the p50 and p52 subunits of NF-κB developed severe osteopetrosis due to a defect in osteoclast differentiation. Mice lacking c-Fos, a component of the transcription factor activator protein-1 (AP-1), also develop osteopetrosis due to a complete block in osteoclast differentiation [15] . AP-1 binding sites have been identified in the promoters of several osteoclast genes including Acp5, β3 integrin, carbonic anhydrase II, and NFATc1 [16] [17] [18] [19] . Moreover, AP-1 cooperates with other transcription factors (e.g., NF-κB and NFATc1) to regulate RANKL-induced transcription osteoclast-specific genes [20] . Binding of RANKL to RANK activates other signals that are critical for osteoclast formation as well including activation of mitogen-activated protein kinases (MAPKs), namely the extracellular signalregulated kinase (Erk), c-Jun N-terminal kinase (JNK), and p38 kinase. Genetic and biochemical studies indicate that the activation of JNK/c-Jun is indispensible for RANKLinduced osteoclast formation and mice from JNK null mice or c-Jun-deficient mice fail to form osteoclasts and suffer from osteopetrosis [21, 22] .
Another signaling protein, transformation growth factor-β (TGF-β) activated kinase-1 (TAK1) has been implicated in RANKL-induced osteoclastogenesis [23] [24] [25] . Upon RANK receptor engagement, the cytoplasmic domain of RANK interacts with an adaptor protein, tumor necrosis factor-receptorassociated factor 6 (TRAF6), and endogenous TAK1 is recruited to the TRAF6 complex. The phosphorylation and activation of TAK1 subsequently leads to MAPKs and inhibitory κB kinase (IKK) activation, the prerequisite event necessary to induce NF-κB. In this process, TAK1-associated binding protein-2 (TAB2) acts as a bridge linking TRAF6 to TAK1 [26] . Although the mechanism by which TAK1 is activated is not fully understood, many studies have revealed the critical role of the lysine-63-linked polyubiquitination by TRAF6 in the activation of TAK1 [27, 28] .
Adenosine is an endogenous nucleoside that modulates many physiological processes through four receptor subtypes (A 1 , A 2a , A 2b , A 3 ). Recent studies in our laboratory have revealed a novel role for adenosine/A 1 receptor (A 1 R) in osteoclastogenesis: A 1 R activation is required for both osteoclast formation and function in vitro and only function in vivo, as demonstrated using pharmacologic inhibitors and mice lacking adenosine A 1 receptors [29, 30] . The disparity between in vitro and in vivo osteoclast formation is reminiscent of a similar disparity in osteoclast formation in vitro and in vivo in mice lacking either TRAF6 or Atp6v0d2 in which osteoclasts are present in vivo, although functionally defective [31] and do not form from precursors in vitro [32, 33] ). One possible explanation for these discrepancies is the presence of other factors in the in vivo microenvironment which can partially compensate the A 1 R, TRAF6 or Atp6v0d2 deficiency, such as TGF-β [32] . In this work, we further probed the signaling pathways by which adenosine/A 1 R activation mediates its effect on osteoclastogenesis. We report here that adenosine A 1 R activation is required for appropriate formation of TRAF6/TAK1 complexes and the resulting activation of NF-κB, the critical signaling step in osteoclastogenesis.
Methods

Antibodies and reagents
Commercially available antibodies were purchased from the following resources: IκB, p-c-Jun, c-Jun, p-Erk, p65, TAK1, TRAF6, NFATc1 (Santa Cruz Biotechnology Inc), p-p-38, p38, Erk, p-JNK, JNK (Cell Signaling Technology), p84, and β-actin (abcam). Recombinant murine M-CSF and murine RANKL were from R&D System Inc. Sodium thiosulfate and silver nitrate were purchased from Sigma.
Osteoclast culture
For generation of bone marrow-derived osteoclasts, primary bone marrow cells from 6 to 8-week-old mice were cultured as described previously [30] . Briefly, bone marrow was extracted from femora and tibia of mice. The cells were grown in complete α-MEM (Invitrogen) containing 10% fetal bovine serum for 24 h. Then the non-adherent BMMs were collected and replated in culture dishes at 1×10 5 cells/cm 2 density with murine M-CSF (30 ng/ml) for 2 days. Cells at this stage were considered M-CSF-dependent bone marrow macrophages (BMMs) and used as osteoclast precursors. Induction of differentiation to osteoclasts was achieved by culturing the BMM cells with the osteoclastogenic medium containing M-CSF (30 ng/ml) and recombinant murine RANKL (30 ng/ml). The day cells were treated with differentiation medium (RANKL+M-CSF) was counted as day 0. Typically, cells were TRAP-positive multinuclear at day 5 after the initiation of culture with RANKL. To test the effect of A 1 R antagonist, DPCPX, these osteoclast precursors (BMMs) were cultured in the osteoclastogenic medium with or without different doses of DPCPX for 5 days. The culture medium was replaced with fresh medium containing these reagents every 3 days.
TRAP staining and bone resorption assay Osteoclast differentiation was evaluated by staining for TRAP using a leukocyte acid phosphatase kit (Sigma-Aldrich). TRAP-positive multinucleated cells (≥3 nuclei) were counted as osteoclasts. For bone resorption assay, The BMMs were seeded on BD BioCoat Osteologic MultiTest slides (BD Biosciences) and cultured in the osteoclastogenic medium with or without different doses of DPCPX for 8 days. At the end of culture, cells were removed from chamber slides with bleach and stained by Von Kossa method. Briefly, slides were stained with 5% silver nitrate for 30 min and then fixed in 5% sodium carbonate in 25% formalin for 5 min to remove un-reacted silver nitrate. The surface areas of resorption pits were measured and analyzed using Labworks Image Acquisition and Analysis software 4.0 (UVP). Using the software, the percentile of pixels of white in a gray scale was measured as a representation of the percentage of resorption area to total area.
Real-time PCR
Total RNA was isolated from culture cells using RNeasy Kit (Qiagen). cDNA was synthesized from 1 μg of total RNA using the SuperScript First-Strand Synthesis System (Invitrogen) in a volume of 20 μl. Real-time PCR was performed using Master SYBR Green Kit (Strategene). Primers are listed in Table 1 NF-κB p65 DNA-binding analysis Nuclear extracts were obtained from primary osteoclast precursor cells as above and assayed for NF-κB transcriptional activity using an ELISA (Cayman Chemicals) according to the manufacturer's instruction. Nuclear extracts (15 μg) were incubated into a 96-well plate coated with oligonucleotide containing the consensus NF-κB response element. Absorbance at 450 nm was read in a plate reader, and the data were calculated as ratio to control (BMMs treated with M-CSF only).
Immunoprecipitation assay
Cells were washed once with ice-cold PBS and lysed in ice-cold IP lysis buffer (Pierce) according to the manufacturer's instruction with freshly added proteinase inhibitor cocktail (Sigma) and phosphatase inhibitor (Cayman Chemicals). Cleared lysates (3-5 mg total protein) were preincubated with TRAF6 antibody for overnight and complexes separated using protein G agarose (25 μl per sample, Pierce) before gel electrophoresis.
Statistical analysis
Data are shown as the means ± S.D from at least three independent experiments. Statistical analysis was done by using the Prism 4.02 (GraphPad Software). All data was evaluated using an analysis of variance (ANOVA) followed by Bonferroni post hoc. P<0.05 was considered to be significant (*P<0.05, **P<0.01, ***P<0.001).
Results
A 1 R blockade suppresses osteoclastogenesis and bone-resorbing activity in primary BMMs cultured with RANKL and M-CSF in a dose-dependent manner
We have previously demonstrated that adenosine regulates osteoclast formation through A 1 R [30] . We therefore examined 
the effect of A 1 R blockade on osteoclast formation and function in vitro using pharmacological tools. After 5-day culture in osteoclast differentiation medium (M-CSF and RANKL (30 ng/ml each)), murine primary osteoclast precursors were differentiated into large, multinucleated TRAP+ cells (Fig. 1a) . When the A 1 R-selective antagonist, DPCPX, was added at the beginning of culture (day 0), a dose-dependent inhibition of osteoclastogenesis was observed, as we previously reported (Fig. 1a) . DPCPX at 1 and 10 μM inhibited RANKL-induced osteoclast formation by about 51% and 76%, respectively (P< 0.001 compared with control treated with RANKL+M-CSF, for both). Even though DPCPX may also block A 2A and A 2B receptors, it is unlikely that interaction with these receptors plays any role in inhibiting osteoclastogenesis since stimulation of both A 2A and A 2B receptors inhibits osteoclast differentiation ( [34] and Supplemental Figure 1) . Consistent with the effect on osteoclast formation, resorption pit formation by mature osteoclasts at day 8 of culture was inhibited by 1 μM DPCPX by 61% (Fig. 1a and b, P<0 .05) and nearly eliminated by 10 μM DPCPX (by 95%) (Fig. 1a, b, P<0 .01). DPCPX treatment is not cytotoxic at the concentrations used (MTT assay, data not shown), indicating that the antiosteoclastogenic effect of DPCPX was not due to toxic effects on osteoclast precursor cells.
A similar pattern of dose-dependent inhibition by adenosine A 1 R blockade was observed with regard to RANK-induced expression of known osteoclast marker genes, including Acp5, Ctsk, MMP9, and Integrin α v β 3 (Fig. 1c) . DPCPX at a The essential role of transcription factors c-Fos and NFATc1 in RANKL signaling is now well established. Hence, we determined whether the inhibitory effect of A 1 R blockade also leads to regulation of these factors. NFATc1 is a master switch for terminal differentiation of osteoclasts; we therefore examined the expression of NFATc1 at day 4 of culture. As shown in Fig. 2a, b , whereas NFATc1 mRNA levels were augmented about 13.88-fold and protein levels were increased about 49.1-fold by RANKL treatment (relative to M-CSF only), these increases were completely abolished by DPCPX at concentrations of 1 and 10 μM.
Previous studies of signaling pathways in osteoclast formation indicate that NFATc1 is downstream of c-Fos in osteoclastogenesis regulated by RANKL [17, 20] . We next determined whether adenosine A 1 R blockade inhibits c-fos expression at day 3 of culture and found that DPCPX abrogated RANKL-induced c-fos expression was observed (Fig. 2c) . The increase in the c-Fos message induced by RANKL (about twofold) was significantly decreased by DPCPX in a dose-dependent fashion. These results indicate that A 1 R blockade directly diminishes the transcription of c-Fos and NFATc1 by RANKL. An increasing body of information indicates that RANKL stimulates NF-κB and MAPK activation and subsequently elicits the activation of essential transcription factors, such as AP-1 and NFATc1, required for osteoclast differentiation. Since we found that DPCPX profoundly blocks the induction of c-fos and NFATc1 expression by RANKL, we next examined the two major RANKL-induced signaling pathways, MAPKs and NF-κB. Our findings confirm prior reports that RANKL induces rapid phosphorylation of the JNK, c-Jun, p38, and Erk in primary bone marrow culture (Fig. 3a) . With the addition of DPCPX to the cultures, we observed a substantial suppression of the RANKL-induced phosphorylation of JNK and c-Jun at 15 min (P<0.05 for both, Fig. 3b ), whereas the activation of p38 and Erk were not affected. The activation of c-Jun by JNK is an important mechanism involved in osteoclastogenesis [21] . Since the expression of c-fos was down-regulated by A 1 R blockade (Fig. 2c) and it is known that AP-1 comprises Fos/Jun dimers, our findings indicate that blockade of adenosine A 1 R impaired the RANKL-induced activation of AP-1, the critical factor in osteoclast differentiation. Fig. 3 Inhibition of RANKL-induced activation of JNK/c-Jun, but not that of Erk and p38, by A 1 R-selective antagonist. BMMs were stimulated with RANKL/M-CSF, with or without 1 μM DPCPX for various times. a Cells were lysed and equal amounts of proteins were separated by SDS-PAGE and immunoblotted with the indicated antibodies. b Protein band intensities were quantified by densitometry, and the levels of phosphorylated MAPKs were normalized to the total levels of corresponding MAPKs. The ratio of phosphorylated MAPKs/total MAPKs in the RANKL-stimulated cells was relative to that of cells treated with M-CSF only (fold value 1). The densitometry values are shown as means±S.D. of three independent experiments. The figure shows representative data from one of three replicate experiments. *P< 0.05 using an analysis of variance (ANOVA) followed by Bonferroni post hoc A 1 R blockade inhibits RANKL-induced NF-κB activation in primary BMMs NF-κB signaling in osteoclasts has been extensively studied. Recent study suggests that NF-κB activation is the upstream signaling molecule of c-Fos in osteoclastogenesis [35] . Deletion of the NF-κB subunits p50 and p52 causes severe osteopetrosis through the absence of osteoclasts [36, 37] . We therefore examined the effects of DPCPX on the activation of NF-κB by RANKL. To this end, we stimulated BMMs with RANKL in the presence or absence of different doses of DPCPX and assessed the degradation of IκB in whole cell lysates at 5 min and the presence of p65 in nuclei at 10 min by western blot analysis. As previously reported, there is cytosolic degradation of IκB and nuclear translocation of p65 in response to RANKL (Fig. 4a) . DPCPX markedly reduced IκB degradation in the cytosol and nuclear translocation of p65 in a dose-dependent manner (Fig. 4b) . Consistent with these findings, we observed that RANKL induced significant p65 DNA binding activity starting from 2 min and continuing as long as 30 min (Fig. 4c) . With the addition of 1 μM of DPCPX to the cultures, we observed a significant inhibition of RANKL-induced p65 transcriptional (DNA binding) activity at 5 min and 15 min (P<0.05 for both). These results indicate that the A 1 R-mediated inhibition of RANKL-induced osteoclastogenesis is mediated through two major pathways, inhibition of NF-κB and JNK pathways, which regulate transcription of c-Fos and NFATc1 in osteoclast precursors.
A 1 R blockade disrupts RANKL-induced formation of TRAF6-TAK1 complex in primary BMMs TAK1, a MAPK kinase kinase can form complexes with RANK and TRAF6, and was up-regulated in RANKLinduced osteoclastogenesis ( [23] [24] [25] . RANKL-induced osteoclast differentiation requires TAK1 for NF-κB activation [25] . Herefore, we determined whether DPCPX affects the recruitment, and interaction of TAK1 with TRAF6 by RANKL. In line with previous reports, we found a striking induction of TAK1 association with TRAF6 following stimulation with Fig. 4 Inhibition of RANKL-induced activation NF-κB by A 1 R-selective antagonist. BMMs were stimulated with RANKL/M-CSF, with or without various concentrations of DPCPX. IκB degradation in whole lysates was determined at 5 min and nuclear localization of p65 was determined at 10 min with western blot analysis (a). Protein band intensities were quantified by densitometry (b). For IκB degradation, the levels of IκB were normalized to β-actin, and the data are expressed as percentages of control (M-CSF only). For p65 nuclear translocation, the levels of p65 were normalized to p84 and the data are expressed as the fold changes to control (M-CSF only). The densitometry values are shown as means±S.D. of three independent experiments. The figure shows representative data from one of three replicate experiments. p65 DNA binding activity was measured with an ELISA-based assay (c). BMMs were stimulated with RANKL/M-CSF, with or without 1 μM DPCPX for various times. Equal amounts of nuclear proteins were collected and incubated into a 96-well plate coated with oligonucleotide containing the consensus NF-κB response element. Absorbance at 450 nm was read in a plate reader and the data were calculated as ratio to control (M-CSF only). Values are shown as means±S.D. of four independent experiments. *P<0.05, **P<0.01, and ***P<0.001 compared to RANKL+M-CSF cells RANKL. The addition of 1 μM DPCPX in culture medium completely abolished the RANKL-induced TAK1/TRAF6 association without affecting the total levels of TAK1 at 5 min (P<0.01, Fig. 5a, b) . Taken together, our results suggest that adenosine A 1 R activation is required for association of TAK1 with RANK and that blockade of A 1 R prevents this activation step thereby diminishing TAK1-mediated NF-κB activation.
Discussion
In the present study, we have confirmed, using the selective A 1 R antagonist DPCPX, that endogenous adenosine, acting via A 1 receptor is an important regulator of RANKLinduced osteoclastogenesis. Moreover, we found that A 1 R blockade impairs the activation of NF-κB by RANKL, blocks phosphorylation of JNK and inhibits the transcription of c-fos and NFATc1. These findings indicate that adenosine A 1 R activation is required for signaling at RANK, and A 1 R blockade leads to disruption in the signaling pathway for osteoclast formation. These findings also provide a solid explanation for our prior observation that A 1 R-selective antagonists are most effective in preventing osteoclast formation when included at early stages of osteoclastogenesis (before day 3 of culture) [30] . Activation of NF-κB by RANKL is a crucial event in the early stages of osteoclastogenesis. A recent study using p50/p52 double knockout splenocytes and ectopic expression of c-Fos shows that NF-κB is upstream from c-Fos and required for c-Fos activation in RANKL-stimulated osteoclast precursors [35] . Similarly, in the present study, we found that induction of c-fos by RANKL was prevented by A 1 R blockade-mediated abrogation of NF-κB activation. Although the consensus NF-κB binding site has not been recognized in the c-Fos promoter, and there is no direct evidence of activation of c-Fos by NF-κB, our findings and others support the hypothesis that NF-κB is upstream of c-Fos in osteoclastogenesis.
Adenosine has been reported to activate the JNK pathway through A 1 R in many other systems [38, 39] . Our study is the first report to demonstrate that adenosine/A 1 R is also required for RANKL-induced JNK/c-Jun activation in BMMs. Although the precise role of JNK/c-Jun in osteoclastogenesis has yet to be determined, there is increasing evidence that JNK/c-Jun activation is essential for efficient osteoclastogenesis [22] . It has been reported that osteopetrosis develops in transgenic mice with dominant-negative c-Jun in their osteoclast lineage cells [21] . A more recent study showed that the JNK/c-Jun pathway is required for an anti-apoptotic effect of RANKL in multinucleated osteoclasts [40] . However, unlike mature osteoclasts, c-Jun activation by RANKL is not involved in the anti-apoptotic effect of JNK in bone marrow macrophages [22] . In line with these observations, blockade of A 1 R had little effect on cell viability in Our observation that inhibition of activation of JNK and NF-κB by blockade of A 1 R suggests that these molecules may share a common pathway to induce osteoclast precursor differentiation. Recent studies have provided more insights into the molecular mechanism underlying the activation of these pathways. In particular, new findings reveal that TRAF6 associates with TAK1 through an adaptor protein TAB2. The formation of the complex of TRAF6, TAB2, and TAK1 leads to the activation of TAK1 which subsequently phosphorylates NF-κB-inducing kinase (NIK) and eventually leads to the activation of the NF-κB pathway [23, 41, 42] . In addition, activated TAK1 also activates the JNK pathway downstream of RANK [24, 43] . In support of this hypothesis, we found that the association of RANKL/RANK in osteoclast precursors derived from bone marrow cells evokes a rapid and dramatic accumulation of TRAF6/TAK1 complex, which is clearly diminished by A 1 R blockade. This observation is consistent with the previous report that adenosine A 1 R blockade results in loss of cellular TRAF6 in RAW 264.7 cells [30] . These results suggest that adenosine A 1 R blockade-mediated blockade of TRAF6-TAK1 complexes triggers TRAF6 degradation. We therefore postulate that the pivotal effect of adenosine A 1 R in promotion of osteoclast formation is the proper formation of TRAF6-TAB2-TAK1 complex (Fig. 6) . Further studies will be required to clarify the role of each component of this complex in mediating adenosine/A 1 R regulation of osteoclastogenesis as well as the mechanism by which A 1 R regulates formation of this complex.
Recent studies suggest that the usual classification of GPCR-active agents as agonists, antagonists, or inverse agonists (agents that diminish activity of a constitutively active receptor) needs refinement. Activation of GPCRs regulates cellular function by activating G proteins and, as more recently described, activating β-arrestin with distinct downstream signaling and functional consequences ( [44] ). It has recently been recognized that some receptor active agents preferentially stimulate G protein signaling whereas others stimulate the alternative pathway and this phenomenon has recently been shown to be important for adenosine receptor physiology [44] . Because we found that stimulation of the A 1 receptor does not affect osteoclastogenesis whereas antagonism of A 1 receptors inhibits osteoclastogenesis, our results are most consistent with the hypothesis that the A 1 receptor is constitutively active and that blockade of the A 1 receptor inhibits osteoclastogenesis by acting as an inverse agonist. Thus, it is possible that DPCPX is acting as an inverse agonist in the setting of A 1 Rmediated regulation of osteoclast function. Alternatively, many cell types release or generate adenosine at the cell surface and these low levels of adenosine are sufficient to activate A 1 R, a phenomenon blocked by DPCPX and other receptor antagonists.
Previous studies have demonstrated a role for adenosine and adenosine A 1 R in regulating formation of multinucleated giant cells from peripheral blood monocytes [45] [46] [47] , a finding consistent with the observations here. Similarly, in preliminary studies, we have observed that both DPCPX and rolofylline block osteoclast formation from human bone marrow-derived precursors (He, Mazumder and Cronstein, unpublished observations). Thus, it is likely that the observations on murine osteoclast formation reported here are relevant to human osteoclasts as well.
Adenosine may either be released from cells via bidirectional adenosine transporters on the cell membrane or adenosine may be generated by hydrolysis of extracellular adenosine nucleotides by such extracellular phosphohydrolases as nucleoside triphosphate phosphohydrolase (CD39), ecto-5′ nucleotidase (CD73), tissue non-specific alkaline phosphatase (TNAP), among others. CD39 and CD73 are expressed on the surface of murine osteoclast precursors (He, W. and Cronstein, BN, unpublished), although their roles in producing extracellular adenosine have not been established. Because adenosine A 1 R can be fully activated by adenosine levels which are in the NFATc1 is known to be master switch of osteoclastogenesis. Blockade of A 1 R with DPCPX inhibits osteoclast formation through interfering the RANKL-induced formation of TRAF6/TAK1 signaling complex followed by de-activation of NF-κB and JNK and subsequently leading to the reduction of osteoclast formation by RANKL subnanomolar range, it is not surprising that even extremely low concentrations of adenosine present in the extracellular milieu are capable of fully activating A 1 R, an event required for osteoclast formation. Nonetheless, because treatment with the A 1 receptor agonist CPA neither directly affected osteoclastogenesis nor reversed the effect of A 1 receptor blockade on osteoclastogenesis, it is likely that the receptor is constitutively active and antagonists act as inverse agonists, a phenomenon previously described for adenosine A 1 receptors [48] .
We have recently reported that stimulation of adenosine A 2A receptors inhibits RANKL-induced osteoclastogenesis in murine bone marrow-derived precursors [34] . Moreover, we have observed dose-dependent inhibition of RANKL-induced osteoclast formation and expression of osteoclast markers by the A 2b R specific agonist BAY 60-6,583 in murine BMMs (supplemental Figure 1) . These observations contrast, at least at a superficial level, with those of Teramachi et al. [49] who reported that adenosine abolished MTX-induced osteoclast inhibition via stimulation of A 2b receptors. However, the effects described by Teramachi and colleagues are most likely mediated by A 2b receptors on osteoblasts since, as noted in their work, the primary reason for inhibition of osteoclast formation in these bone marrow cultures was inhibition of RANKL expression without diminution of osteoprotegerin expression. Since RANKL, the principal stimulus for osteoclast differentiation, is primarily expressed on osteoblasts, which have been previously shown to express A 2b receptors which affect their function [50] [51] [52] , the most likely explanation for the observed effects of A 2b receptor ligation on osteoclastogenesis is inhibition of osteoblast-mediated stimulation of osteoclastogenesis. It is also interesting to note that it is likely that the inhibitory effects of methotrexate on osteoclast-mediated bone destruction are mediated by the higher levels of adenosine released by methotrexate-treated cells and tissues which interact with A 2A and A 3 receptors [53] . Indeed, in the adjuvant arthritis model studied by Teramachi and colleagues, the adenosine receptor antagonists theophylline and caffeine reverse the anti-inflammatory effects of methotrexate [54] .
We have recently reported that adenosine A 2A receptor stimulation inhibits osteoclast formation and A 2A receptor knockout mice have increased numbers of functionally active osteoclasts in their bones associated with diminished bone density [34] . These observations suggest that even the minimal activation of A 2A receptors that occurs at ambient adenosine concentrations is sufficient to diminish the A 1 receptor-mediated promotion of osteoclast differentiation. Thus, A 2A receptors likely act as the natural brake on adenosine A 1 receptors in regulating bone metabolism.
In summary, the results reported herein provide further evidence for the role of adenosine/A 1 R as a local signaling molecule in osteoclast formation and highlight the significant influences of extracellular nucleosides in maintenance of bone homeostasis.
